This introductory review briefly describes the history of medaka as a research organism and the previous accomplishments of the medaka field. The medaka genome project currently underway through the efforts of an international consortium, the Medaka Genome Initiative, and the future prospects for medaka research, particularly for genomic analyses, are also discussed. q
Introduction
At about 5 o'clock in the afternoon of June 3, 1853, the American commodore Matthew Calbraith Perry and his squadron of four vessels arrived near the village of Uraga, located on the western side of the Bay of 'Yedo' (now Tokyo), after departing from 'Napha' (now Naha) of 'Lew Chew' (now Ryukyu/Okinawa). They navigated there with the aid of a sea chart copied from that of Philipp Franz von Siebold, a German-born physician and naturalist. The arrival of Perry and the 'Black Ships' triggered the breakdown of the seclusion policy of Japan, which had lasted for over two hundred years since 1639, and signaled Japan's arrival on the world stage. However, well before Japan's presence on the international scene, the first scientific description of Poecilia latipes (now known as Oryzias latipes) was made in French. Following the Japanese designation, 'le nom de Medaka' was recorded in a book edited by von Siebold, and published in Leiden, the Netherlands (Temminck and Schlegel, 1846) . Thus, the Japanese medaka has been a citizen of the world from the beginning of its scientific emergence.
There are nearly 5000 names for Medaka throughout Japan, excepting Hokkaido (the northern island), which gives this fish the distinction of bearing the Japanese word with the highest number of variations (Karakawa and Shibata, 1980) . Since medaka was worthless for commerce (too small to eat), there was no need to unify the name as was necessary for commodities traded for money in the olden days. Local people, children in particular, named 'the fish' at their pleasure and many names have survived without mixing, resulting in the production and preservation of thousands. Interestingly, the linguistic segregation went in parallel with genetic segregation, which generated the high genetic polymorphism found among the wild populations of Japanese medaka.
What is medaka?
The medaka, Oryzias latipes, is a small, egg-laying, freshwater, bony fish that is native to Asian countries (primarily Japan, Korea, and China). Systematically, medaka, Fugu, platyfish, and zebrafish are members of Beloniformes, Tetraodontiformes, Cyprinodontiformes, and Cypriniformes, respectively. Among the four species platyfish is the closest relative to medaka and these two are closer relatives to Fugu than they are to zebrafish (Nelson, 1994) .
Medaka is a eurythermal fish, and can survive in outdoor containers (ponds) even under not so favorable environmental conditions such as in Tokyo, where the water temperature falls to 0 8C during the winter and can rise to almost 40 8C in summer. During the natural breeding season, from May through August in Japan, progeny can be obtained by mating outdoors. When the water hyacinth (Pontederia crassipes) in each tank (20 -30 fish per tank with a capacity of approx. 60 l) has some 40 -50 eggs attached, the plant is transferred into a fresh tank to separate the progeny from the parents. This traditional method for obtaining progeny by natural mating is still in use for the preservation of wild populations of Japanese medaka that are reared outdoors year-round. In fact, this was the approach used by H. Tomita, Nagoya University, who alone identified and maintained over 70 spontaneous mutant lines (see below).
Medaka can also be readily maintained and bred under laboratory conditions. At sexual maturity, the body length is about 2.5 -3 cm, which under proper rearing conditions is achieved within 2 months after hatching. On account of their dimorphic dorsal fins, males are easily distinguished from females. Spawning is under strict control of light, temperature and food. The medaka is omnivorous; in nature they eat animal and vegetable foods such as zooplanktons and phytoplanktons. In the laboratory, synthetic diets (e.g. Tetra Min) and nauplia of the brine shrimp are given several times a day. The lifespan in nature, i.e. ecological lifespan, is about 1 year (O. Terao, unpublished observations). The maximal survival time of medaka maintained outdoors (in Chiba City, Japan) was 1838 days, about 5 years (Egami and Etoh, 1969) . However, in the laboratory, where room temperature is maintained at about 27 8C year-round, we observe that medaka live only about 1 year, indicating that temperature greatly affects life span in eurythermic poikilothermal animals such as medaka.
Medaka is an oviparous fish, with eggs fertilized and embryogenesis occurring externally. In nature, medaka mate at the break of dawn, but in the laboratory, an illumination-cycle of 14 h light and 10 h dark is generally recommended. Mating under artificial lighting conditions occurs just after the light comes on. If fertilized eggs are desired at other times during the light cycle, males and females must be separated the night before and males gently transferred into containers containing the females. Embryonic development can be easily visualized through the transparent egg membrane under a dissection microscope and optimal observation requires both transmitted light and epi-illumination systems. A fluorescence microscope is also helpful for identifying leucophores, which can emit autofluorescence upon excitation with UV light. For successful daily breeding in the laboratory, temperatures ranging from 25 to 28 8C are most suitable. One advantage of the eurythermy of medaka is that early embryos can be kept at temperature as low as 4 8C for a considerably long time to slow down and even arrest cell cycle progression of blastomeres and embryonic development, which can provide researchers with longer time for microinjection, transplantation, etc.
A detailed staging series is essential for any model organism to be accepted by researchers worldwide.
Although several tables of normal stages of medaka development have been published, only two were written in English (Yamamoto, 1975; Kirchen and West, 1976) . Iwamatsu (1994) prepared a revised timetable of development, with the goal of providing information in English for non-Japanese researchers. A slightly modified and updated version of his superb staging series is included in this issue (Iwamatsu, 2004) .
For additional details, refer to Wittbrodt et al. (2002) , as well as to the 'Medakafish homepage' curated by H. Hori (http://biol1.bio.nagoya-u.ac.jp:8000/).
Early accomplishments compiled by Yamamoto
In 1975, T. Yamamoto, who was then Professor Emeritus of Nagoya University, and his colleagues (N. Egami, T. Hama, H. Tomita, T. Takeuchi and M. Yamamoto) edited a book entitled 'Medaka (Killifish)-Biology and Strains'. This book, a key reference for medaka as a developmental genetic model organism, compiled what was then the state of the art in medaka research. Included was information on systematics and zoogeography, fertilization and activation and conduction of the fertilization-wave, developmental stages, rhythmical contractile movements, the hatching gland and hatching enzyme, secondary sexual characters, geographical variation of some characters in wild populations, the lateral line system, medaka genetics and mutant strains, inheritance of main color varieties and their chromatophores, melanin formation in the medaka, sexuality and sex-genes, control of sex differentiation, induced intersexes, YY males and induced YY females, viability of YY zygotes, the linkage map of sex chromosomes and preservation of stocks. The diversity of topics indicates that a wide range of research on medaka had already been performed by 1975.
Importantly, Yamamoto's book included a comprehensive list of scientific papers about medaka: a total of 982 papers were listed, 507 (52%) of them being written in Japanese. Although information about medaka had been rather limited for non-Japanese speakers, the publication of the book likely kindled new interest in the medaka system outside of Japan. For example, medaka was one of several species of tropical fishes that George Streisinger investigated before choosing the zebrafish (Danio rerio) as a vertebrate that would be amenable to developing new genetic methodologies (Grunwald and Eisen, 2002) .
Several of the papers listed by Yamamoto can be considered as landmark studies: the taxonomic description of medaka (Temminck and Schlegel, 1846) , the first assignment of medaka to its current genus Oryzias (Jordan and Snyder, 1906) , Aida, 1921 paper in Genetics that provided the first demonstration in any organism of Y-linked inheritance, the first description of early development (Kamito, 1928) , the analysis of Mendelian characters in medaka (Goodrich, 1926) , the effect of a metabolic inhibitor on embryonic development (Waterman, 1939) , successful artificial sex-reversal in medaka (Yamamoto, 1953) , the description of geographical variation, as revealed by meristic characteristics in wild populations proposed to be controlled by polygenic systems (Egami, 1953) and the biochemical dissection of the phenomenon of hatching unique to oviparous animals (Yamagami, 1973) . Although Tomita identified and described various spontaneous mutants this work was only reported in Japanese abstracts; therefore, Chapter 21 of Yamamoto's book is the most comprehensive summary of his accomplishments (Tomita, 1975) . Here, 37 medaka mutants affecting body pigmentation or causing morphogenetic deformities were described. Tomita working alone in the 1960s and 1970s made the best use of nature's gifts. He recognized naturally occurring mutations that arose in medaka farms where millions of fish were bred in large rearing ponds during the natural breeding seasons. His discriminating eye for spontaneous phenotypes yielded the 'Tomita collection of medaka mutants' long before directed mutagenesis screens were adapted to fish. According to Tomita, 'The morphogenetic deformities are the dwarf (fused), the reduced scales, the reduced fins and so on. The six kinds of dwarfs are difficult to distinguish from each other externally. Deformed individuals are often less viable. The expression of deformities is so variable that in extreme cases, they can be detected by external characters, but slight deformities can only be detected by dissection'.
It is noteworthy, that in addition to biological research, medaka has proven to be effective for toxicological and environmental studies. Zebrafish was the first small fish that was used for carcinogenesis studies (Stanton, 1965) ; however, medaka was soon adopted for similar analyses (Ishikawa et al., 1975; Matsushima and Sugimura, 1976) . By the 1980s, medaka had been used in a number of studies as a test system for spontaneous as well as induced carcinogenesis (Ishikawa et al., 1984; Masahito et al., 1989) , an application that has come into vogue again (Boorman et al., 1997; Walter, 2001; Winn, 2001; Carlson et al., 2002; Hawkins et al., 2003; Kiparissis et al., 2003) .
From Yamamoto's book to the genomic era
Recently, two review articles were published that focused on medaka as a developmental and genetic model system (Ishikawa, 2000; Wittbrodt et al., 2002) . In 2003, a meeting report described the current state of medaka genomic analysis (Shima et al., 2003) and a review of medaka genetic mapping is in press (Mitani et al., 2004) . In spite of the frequent reviews/overviews on the advancement of medaka genetics and genomics, it is useful to describe some key studies.
The first description by Egami (1953) of geographical variations in morphological characteristics of wild populations of the Japanese medaka paved the way for the later discovery of the remarkable genetic polymorphism between the northern and southern populations, as demonstrated by allozymic analyses (Sakaizumi et al., 1983) . Arbitrarily primed PCR was later adopted to scan zygotic genomes widely, which revealed notable differences in the DNA fingerprints of parents derived from different genetic backgrounds (Kubota et al., 1992 (Kubota et al., , 1995 Shimada and Shima, 1998) . Such molecular analyses confirmed the significant genetic polymorphism between the northern and southern populations. DNA polymorphisms proved useful for meiotic mapping of backcross progeny, enabling the production of the first genome-wide genetic linkage map of medaka (Wada et al., 1995) .
The establishment of several inbred strains after more than 20 filial generations of brother-sister matings provided a unique, genetically homogeneous resource (HyodoTaguchi and Egami, 1985) . Interbreeding of various spontaneous mutations that affect pigmentation, generated a multi-locus tester strain for analyzing mutagenesis frequencies (Shima and Shimada, 1991; Shimada and Shima, 1998) , as well as the 'see-through' medaka adult, whose transparent body offers an advantage for the visualization of stable transgenes expressing the green fluorescent protein (GFP) . Koga et al. (1995) found that a transposable element insertion in the tyrosinase gene was responsible for an albino phenotype, one of the spontaneous mutations identified by Tomita.
Medaka was the first fish species in which stable transgenesis was established (Ozato et al., 1986) , and transgenic technology has been successfully applied to generate a variety of novel tools (Chou et al., 2001; Tanaka et al., 2001; Winn, 2001) . To assess the feasibility of targeted gene disruption in transgenic medaka, ES-like cells also have been established, followed by attempts to increase the frequency of chimeric embryo production (Hong et al., 1998) .
To develop appropriate resources for positional cloning of medaka mutants of interest and for genome-wide comparisons of linkage relationships among vertebrate species, large scale EST and gene mapping projects were initiated (Priority Area #813 funded by the Ministry of Education, Science, Sports, Culture and Technology (MEXT), Japan.). PCR amplification of restriction fragment length polymorphisms (RFLPs) of a meiotic mapping panel provided the template for the genetic map (Mitani et al., 2004) . Currently, more than 1000 genes and ESTs with human orthologues have been placed on the map. All linkage map and EST information are available on Mbase (httpmb://ase.bioweb.ne.jp/~dclust/ml_base.html) and the TIGR Oryzias latipes (Japanese Medaka) Gene Index (OlGI) (http://www.tigr.org/tdb/tgi/olgi/). The accumulation of EST markers, a genetic map of increasing density and new genomic resources such as a high quality BAC library (Matsuda et al., 2001 ) are facilitating the identification of genes responsible for mutations (Fukamachi et al., 2001; Loosli et al., 2001; Kondo et al., 2001 ) and for sex determination in medaka (Matsuda et al., 2002; Nanda et al., 2002) .
The organization of an international consortium for research on the medaka genome has its roots in a EuropeanUnion-sponsored course held in the Biocenter of the University of Wuerzburg, Germany, in 1993. The enterprise was so successful in initiating and promoting collaborations of both an 'intraspecific' (among medaka researchers) and 'interspecific' (between medaka researchers and zebrafish researchers) nature, that the first EMBO Course on Medaka and Zebrafish Development was implemented in 1996. By 1999, the international collaboration had steadily grown and finally took concrete shape as an international consortium, the Medaka Genome Initiative (MGI). MGI efforts have been directed towards sequencing of the medaka genome and the understanding of gene function (http://medaka.dsp. jst.go.jp/MGI/). The Hd-rR strain, which is an inbred strain established from a southern population (Hyodo-Taguchi and Egami, 1985) was chosen for the medaka genome sequencing projects. One MGI effort led by H. Himmelbauer is the systematic collection of sequencing data based on a bacterial artificial chromosome (BAC) aligned physical map. A first step toward this goal is the Linkage Group (LG) 22 sequencing project being carried out by N. Shimizu and a team at Keio University (http://medaka.dsp.jst.go.jp/MGI/ LG22/).
In 2002, the National Bioresource Project (NBRP) was launched by MEXT in Japan and the medaka was chosen as one of the target species whose collection, storage and distribution became a national priority. Recently, the NBRP undertook a medaka genome project using the whole genome shotgun sequencing, as described by Naruse et al. (2004b) .
Information sharing between the MGI (A. Shima) and the zebrafish database ZFIN (M. Westerfield) will promote further understanding and comparisons between the two model organisms; for example, a medaka ontology was developed in close collaboration with ZFIN and submitted to 'Open Biological Ontologies' (OB, http://obo.sourceforge.net/).
Future prospects
The post-genomic era will provide powerful tools and strategies for studying the evolution of the vertebrate genome. DNA sequencing projects in many organisms are providing evidence that genome duplication or large-scale gene duplication contributed to the expansion of gene families and genome evolution. The discovery of seven Hox gene clusters in zebrafish, Fugu and medaka, almost twice as many as human and mouse, suggests that a genome duplication occurred just before the teleost radiation (Amores et al., 1998) . The genome-wide syntenic relationships between medaka, Fugu and zebrafish to human support this hypothesis (Mitani et al., 2004; Naruse et al., 2004a) . Whole genome duplication in fish can produce divergent gene functions among co-orthologues of single tetrapod genes by partitioning different ancestral gene subfunctions, such as altering gene expression patterns or substrate specificity (de Martino et al., 2000; Futami et al., 2001; Volff and Schartl, 2003) . For example, Cresko et al. (2003) reported that non-overlapping expression patterns for Sox9 duplicates (Sox9a and Sox9b) are observed in zebrafish and stickleback and that the combined pattern is similar to expression of a single mammalian ortholog (ancestral type). Such results support the idea that fish have adapted to various environments during evolution by gene duplication via a duplication-degeneration-complementation (DDC) process. Analyses of the Fugu genome suggest that most of the extra copies of genes have degenerated since the initial duplication event, though many still remain in fish genomes (Aparicio et al., 2002) . Medaka and Fugu could possess considerably different sets of genes from zebrafish if subfunctionalization or neofunctionalization resulting from the DDC process affected different genes in the two fish lineages (Taylor et al., 2003) . When gene disruption is lethal and arrests development at an early stage in mammals, the disruption of one of a pair of co-orthologous genes in fish might be viable, enabling gene function at later developmental stages to be revealed. Thus, sequencing of the genomes of several fish species including Fugu, medaka and zebrafish should not only provide more detailed information on genome evolution, but new insights into the functions of mammalian genes from a comparative genomics viewpoint.
Genomic studies on diverse fish species have also been launched (http://legr.liv.ac.uk/fishomics/) since non-model species offer a great diversity of adaptation strategies and life styles. However, identifying the genes responsible for bio-divergence among wild populations by Quantitative Trait Locus (QTL) mapping and positional cloning is challenging in non-model fish because, in contrast to medaka, most species lack detailed genetic map information, genomic resources and inbred strains to confirm candidate gene function.
It has been well established that inbred medaka strains display differences in numerous quantitative traits, such as body shape, brain morphology, behavior, reproductive rate, life span and susceptibility to chemical or radiation-induced tumorigenesis (Hyodo-Taguchi and Egami, 1985; HyodoTaguchi and Matsudaira, 1987; Ishikawa et al., 1999) . Therefore, inbred strains provide a powerful tool for genomic analyses since haplotype polymorphisms underlying complex polygenic traits can be identified that would be impossible to recognize in non-inbred wild populations.
Many of the reports that follow in this special issue, attest to the power and promise of the medaka for embryological studies. It is exciting that the medaka has also come of age as a fully developed model system for evolutionary studies, combining rapidly increasing genomic information with valuable inbred lines and highly divergent wild populations.
